ABSTRACT Several boll weevils, Anthonomus grandis Boheman, were captured in pheromone traps in 2004 near Tlahualilo, Durango, Mexico, an area where none had been reported for Ϸ10 yr. It is possible that they were from an endemic population normally too low in numbers to be detected but that increased in response to more favorable rainfall conditions in 2004. Alternatively, they may represent an inßux of migrants or the immediate descendents of migrants. To identify the most likely origin of the boll weevils captured in this area, we characterized microsatellite variation of the Tlahualilo weevils and compared it with the variation from three other populations in northern Mexico and from one in southern Texas. Measures of gene ßow and individual assignment tests suggest that the boll weevils captured near Tlahualilo were primarily from an endemic low-level population, but that this area also is receiving immigrants from a cotton growing region Ϸ200 km to the north, near Rosales, Chihuahua, which is currently under a boll weevil eradication program. Similarly, Rosales is receiving immigrants from Tlahualilo. This study shows that microsatellite markers and population assignment techniques will be practical tools for determining the most likely origins of boll weevils reintroduced to eradication zones in the United States and Mexico. Population assignment strategies based on genetic markers hold promise for replacing conventional, but spatially constrained, markrecapture studies of insect dispersal. This relatively new and powerful analytical approach is widely used in conservation genetics and Þsheries studies, but has been underused by entomologists.
The use of molecular markers and population genetics analyses to identify recent immigrants and assign an individual to the population of its origin has a wide range of applications (Waser and Strobeck 1998 , Davies et al. 1999a , Hansen et al. 2001 , Beaumont and Rannala 2004 . For example, in the Þeld of conservation genetics, such techniques are used to determine the origin of illegally killed animals (Manel et al. 2000) and to detect foreign genes introduced to populations of endangered animals in an effort to increase genetic variation. Individual Þsh in mixed stock Þsheries can be identiÞed as to the stock of origin (Roques et al. 1999) , and markers are used to categorize individual Þsh in the wild as being of native or stocked origin (Primmer et al. 2000) . These techniques are used in livestock science to determine the breed of individuals among mixed breeds (Koskinen 2003) and to distinguish native breeds from foreign for preservation purposes.
Detection of recent immigrants and identiÞcation of individuals of native and foreign origin also holds great promise for the management of insect pests, through discovering source areas of reintroductions into a pest-free or eradicated region or identifying the route of bioinvasion of a harmful species (Davies et al. 1999b , Bonizzoni et al. 2001 . Such knowledge would allow scientists and action agencies to develop more effective strategies for monitoring and responding to pest introductions (Carey 1996 , Davies et al. 1999b ). However, despite the potential value of detecting individual movement, there are relatively few reports of applying this approach to insect pests. Population assignment tests have been used in entomology to distinguish between new and old introductions of gypsy moths to North America (Bogdanowicz et al. 1997) , determine source regions for outbreaks of invasive Mediterranean fruit ßy in California (Davies et al. 1999b , Bonizzoni et al. 2001 ) and invasive western corn rootworm in Europe (Miller et al. 2005) , determine the degree of genetic isolation among pheromone types and host races of European corn borer (Bontemps et al. 2004) , detect admixture of reproductive lineages in aphids (Halkett et al. 2005) , elucidate the invasion history of the pumpkin fruit ßy and olive ßy (Mun et al. 2003 , Nardi et al. 2005 , identify source and recipient populations for migrant boll weevils in the central U.S. Cotton Belt (Kim and Sappington 2006) , distinguish among sympatric sibling species of sandßies (Maingon et al. 2003) , and examine local movement of wood dwelling cockroaches between habitat patches (MacEachern 2001) .
The boll weevil, Anthonomus grandis Boheman (Coleoptera: Curculionidae), historically has been the most destructive pest of cotton in North America. This insect is thought to be native to southern Mexico and Central America, having a narrow host range in a few genera in the Malvaceae Lukefahr 1967, Arzaluz and Jones 2001) . Although archeological evidence indicates it has been a pest of cotton (Gossypium hirsutum) since at least 900 A.D. (Warner and Smith 1968) , there were no reports of serious damage in Mexico before the mid-19th century (Bieberdorf 1927) , after which an extensive range expansion occurred (Hunter and Coad 1923, Burke et al. 1986 ). The boll weevil spread northward, reaching the Lower Rio Grande Valley of Texas in 1892. Over the course of about three decades, it spread throughout cotton growing regions of the southeastern United States, reaching the Atlantic Coast by the early 1920s. It is currently expanding its range through cultivated cotton in South America as well (Lukefahr et al. 1994 , Scataglini et al. 2000 .
An eradication program initiated in the United States Ϸ25 yr ago has progressively eliminated the boll weevil from several states in the southeast and southwest (Smith 1998, Grefenstette and El-Lissy 2003) , but still is ongoing in eight states and parts of Mexico. It is an extremely expensive program, and the threat of reintroductions by dispersal from areas still infested is a constant concern (Curtis 2001 , Allen et al. 2005 , Kiser and Catanach 2005 . Three boll weevil eradication zones were established in the state of Chihuahua in 2001 (Northwest, Juarez Valley, and South Central; Because of its proximity to the eradication zones to the north, it is of practical importance to know the reason for these unexpected captures.
There was initial concern that the weevils in Tlahualilo were being introduced in cottonseed imported from other parts of Mexico and the United States for cattle feed. However, it has been shown experimentally that boll weevils cannot survive the cotton gin machinery through which they must pass before segregation into the seed bin (Sappington et al. 2004) , so this possibility is judged to be very unlikely. There are two other hypotheses that we consider in this study.
(1) Boll weevils were present in Tlahualilo as a lowlevel endemic population, which escaped detection in previous years. Rainfall in this area in 2004 (Ն300 mm) was much greater than normal (Ϸ200 mm/yr) and may have favored an increase in population size to a detectable level. (2) The boll weevils captured in Tlahualilo were immigrants, or the descendents of immigrants, that ßew in or were otherwise transported in from an infested area. Although numbers are declining, boll weevils are still present in the South Central eradication zone to the north (Garcṍa et al. 2004) and are abundant in the Tampico area to the southeast and in the Lower Rio Grande Valley around Weslaco, TX, to the east (Kim and Sappington 2006) (Fig. 1) . Estimates of gene ßow based on molecular markers suggest that migration of boll weevils is rel-atively frequent over distances up to 300 km Sappington 2004a, b, 2006) .
To test these hypotheses, we examined genetic variation in boll weevil populations collected from Tlahualilo, three other areas of Mexico, and one area from south Texas. Our goal was to identify the most likely geographic area of origin using microsatellite markers (Kim and Sappington 2004c) , population assignment techniques, and individual migrant detection techniques. The results will help action agencies decide the most appropriate mitigation response to this unexpected population.
Materials and Methods

Sample Collection
Boll weevils were collected from four locations in three Mexican states and one location in southern Texas ( Fig. 1) : Tlahualilo, Durango (TLA), Ojinaga (OJI), and Rosales (ROS), Chihuahua, and Tampico (TAM), Tamaulipas, Mexico, and Weslaco (WTX), TX. The Tlahualilo, Ojinaga, and Rosales samples were collected in 2004. The Tampico and Weslaco samples were collected in 1999 and 2000, respectively. Subsamples from the Tampico and Weslaco collections were used to elucidate population structuring and gene ßow among boll weevil populations in a previous study using mtDNA polymerase chain reaction (PCR) restriction fragment length polymorphism (RFLP), and random ampliÞcation of polymorphic DNA (RAPD) markers (Kim and Sappington, 2004a, b) . DNA was extracted from additional individuals from the original collections to increase the sample sizes to at least 50 for the microsatellite work. At each location, boll weevils of both sexes were collected in traps baited with aggregation pheromone and either frozen or stored in ethanol.
DNA Isolation and Microsatellites Analysis
Individual boll weevils were ground in liquid nitrogen, and genomic DNA was isolated using the Bio-Rad (Hercules, CA) AquaPure Genomic DNA Isolation Kit according to the manufacturerÕs protocol. Of 14 polymorphic dinucleotide-repeat microsatellite markers developed for A. grandis by Kim and Sappington (2004c) , 10 (AG-D1ÐAG-D7 and AG-10 ÐAG-D12) were used in this study, because family analyses (unpublished data) revealed no evidence for null alleles. Microsatellite loci were ampliÞed in multiplexed PCR reactions, and individuals were genotyped using a Beckman-Coulter CEQ 8000 Genetic Analysis System (Beckman Coulter, Inc., Fullerton, CA), as described by Kim and Sappington (2004c) .
Data Analysis
Summary Statistics. The number of alleles per population and locus, allelic frequencies, observed heterozygosity, and expected heterozygosity under Hardy-Weinberg assumptions for each locus were computed using the program GeneClass2 (Piry et al. 2004) . F-statistics (Weir and Cockerham 1984) and genotypic linkage disequilibria for all pairs of loci in each population were calculated using FSTAT v. 2.9.3 (Goudet 2001) . Deviations from Hardy-Weinberg equilibrium (HWE) for all locusϪpopulation combinations were determined using the probability test approach (Guo and Thompson 1992) implemented in the program GENEPOP version 3.3 (Raymond and Rousset 1995) . Probability values across all loci and all populations were calculated using the Fisher procedure. In cases where multiple tests were carried out, the sequential Bonferroni correction in deriving signiÞcance levels (Rice 1989 ) was applied. Bottleneck Test. Evidence of recent population bottlenecks was assessed using four different approaches. Wilcoxon sign-rank tests were used to determine whether deviations of observed heterozygosity (He) relative to that expected at drift-mutation equilibrium (Heq) were signiÞcant (␣ ϭ 0.05) using the program BOTTLENECK 1.2 (Cornuet and Luikart 1996) . We used both a strict stepwise mutation model (SMM) (Kimura and Ohta 1978) and a two-phase model (TPM) (Di Rienzo et al. 1994 ) with 1,000 iterations. For the TPM, we assumed a generalized stepwise mutation model (GSM), in which a proportion of SMM was set to 0 with a variance in mutation lengths of 0.36 (Estoup et al. 2001) . We also looked for a mode-shift in allele frequency distribution from the L-shaped distribution expected under mutation-drift equilibrium, which can be used as a qualitative indicator of population bottlenecks . As another approach for bottleneck detection, we tested for signiÞcant differences in allelic diversity between the Tampico location, which represents a demographically stable population closest to the ancestral origin of the species, and other locations with a Kruskal-Wallis test (␣ ϭ 0.05) across all loci using Statistix 7 software (Analytical Software 2000).
Last, as an alternative test to detect reductions in population size, the M value and its variance across loci of Garza and Williamson (2001) were calculated using the program AGARST (Harley 2001) . M is the mean ratio of the number of alleles to the range of allele size. After a bottleneck, the M statistic will display persistently low values for Ͼ100 generations and can distinguish populations that have been reduced in size recently from those which have been small for a long time (Garza and Williamson 2001) .
Gene Flow Measures. Indirect estimates of gene ßow between the populations were generated with three different approaches. First, we calculated population genetic structure-based gene ßow according to the relationship N e m ϭ (1 Ϫ F ST )/4F ST (Wright 1931) , where N e m is the effective number of migrants per generation, N e is the effective population size of each population, and m is the immigration rate. This classical measure of gene ßow is based on equilibrium between the forces of immigration and genetic drift under the assumptions of the island model, i.e., that migration occurs among populations of equal size with symmetrical migration rates. Pairwise estimates of genetic differentiation among subpopulations were quantiÞed by F ST (Weir and Cockerham 1984) and R ST (Slatkin 1985) using the program FSTAT v. 2.9.3 (Goudet 2001) and RSTCALC (Goodman 1997) , respectively.
Second, we calculated maximum likelihood estimates of gene ßow using the coalescent-based Markov Chain Monte Carlo (MCMC) simulation approach, which takes into account the genealogical relationship of the samples and asymmetry in gene ßow Felsenstein 1999, 2001 ). The necessary migration parameters, such as ⌰ (ϭ4N e , where is the mutation rate per generation at a locus) and M (ϭm/), were calculated using the program MIGRATE 2.0.6 (Beerli and Felsenstein 1999) . We used a stepwise mutation model for microsatellite mutation. Bidirectional gene ßow was calculated from Þve independent runs for each locus using the following MCMC search strategy: 10 short chains with 1,000 genealogies and 3 long chains with 10,000 genealogies, each time discarding the Þrst 10,000 steps to ensure parameter stability.
Both the traditional gene ßow measures based on allele frequency distributions and the coalescentbased maximum likelihood estimation of gene ßow mainly reßect relatively long-term gene ßow and thus may not accurately represent current levels. Thus, to know whether each individual is a resident in the population in which it was sampled or an immigrant, we estimated the number of immigrant individuals present in the current generation. The Monte Carlo simulation approach of Paetkau et al. (2004) resamples gametes rather than alleles to preserve linkage disequilibrium in recent immigrants. Thus, this approach enables the identiÞcation of immigrant individuals in the current generation, allowing an estimate of gene ßow among populations at a much narrower time scale. We followed a Bayesian statistical approach (Rannala and Mountain 1997) using a Monte Carlo resampling method ). The analysis was conducted using the "Detection of Þrst generation migrants" criterion implemented in the program GeneClass2 (Piry et al. 2004) , which assigns each potential immigrant to the most likely source population at a speciÞed conÞdence level ). First generation (F0) migrants are deÞned as individuals that traveled from Site A to Site B in year X (or the current generation) or individuals born in year X to a gravid female that moved from Site A to B in year X Ϫ 1 (or the previous generation). Because we do not know whether all source populations for immigrants were sampled, two test statistics (the ratio L home /L max and L home ) were used to compute the likelihood of migrant detection (L) . When the sampling of all source populations for immigrants is unclear, L home is the more appropriate test statistic, but has reduced power to identify immigrants ). The analysis was conducted with a simulation of 10,000 independent individuals at thresholds of both ␣ ϭ 0.05 and ␣ ϭ 0.01.
Because the Paetkau et al. (2004) method is intended to measure real time migration between populations, it assumes that all populations are sampled in the same year. Although the OJI, ROS, and TLA populations were all sampled in 2004, the WTX and TAM populations were sampled in 2000 and 1999, respectively. We do not have data to address the stability of allele frequencies for the WTX and TAM populations over time. However, the genetic diversity in these populations is quite high, and in previous studies we found no evidence of a genetic bottleneck experienced by these populations Sappington 2004a, b, 2006) , nor did we Þnd evidence for bottlenecks in this study (see Results). The populations in these locations are chronically very high, and neither the WTX nor the TAM locations was under an eradication program, which could cause a bottleneck, in 2004 when the OJI, ROS, and TLA populations were sampled. Thus, in this study we assume that the allelic frequency distributions are temporally stable in WTX and TAM and that those surveyed in 2000 or 1999 reßect the distributions in 2004, although this issue should be addressed explicitly in a future study. Regardless, the samples for OJI, ROS, and TLA are directly comparable.
Assignment/Exclusion Test. To compute the probability of each individualÕs belonging to a set of reference populations, we carried out assignment/exclusion tests using the direct and simulation approaches implemented in the program GeneClass2 (Piry et al. 2004 ). The direct assignment tests allocate an individual to one of the reference populations without probability computation, thereby simply calculating the proportion of correctly assigned individuals to the most likely population of origin, even though the true population of origin is not among the reference populations. In contrast, the exclusion method uses a simulation approach. This method computes the likelihood of a genotype occurring in the population by simulating multilocus genotypes based on allele frequencies of each reference population and compares the likelihood of the genotype of an individual to the distribution of likelihoods of simulated genotypes for each reference population. If the individual genotype likelihood is below a given threshold (e.g., ␣ ϭ 0.01), the population is excluded as a possible origin of the individual (Cornuet et al. 1999) . Unlike the direct assignment method, the exclusion method does not assume that the true population of origin has been sampled, because each population is treated independently (Cornuet et al. 1999) . The Bayesian statistical approach of Rannala and Mountain (1997) was used for both assignment and exclusion tests. Frequency probabilities of multilocus genotypes in each reference population were determined in the exclusion test using Monte Carlo simulations of 10,000 independent individuals for the population .
The assignment likelihoods of individuals from a geographic population to putative source populations were further calculated and averaged using the Bayesian statistical method (Rannala and Mountain 1997) . The statistic L i3j , the mean individual assignment likelihoods of individuals collected in population i and assigned into population j, provides valuable asymmetric information for the origin of the newly introduced population under the assumptions that it is new in the location and that the putative source population was sampled.
To visualize genetic relationships among individuals, interindividual genetic distances were calculated on the basis of the proportion of shared alleles using the MICROSAT computer program (Minch 1998) . These distance values were used to construct an unweighted pair-group method with arithmetic average tree implemented in the NEIGHBOR module of the PHYLIP software package (Felsenstein 1993) .
Finally, we used the program structure 2.0 (Pritchard et al. , Falush et al. 2003 , which uses a model-based Bayesian clustering method, to infer the number of distinct populations (K) from which our samples were drawn and to infer the genetic ancestry of the individuals sampled, based on microsatellite genotypes at multiple loci. This approach provides an independent assessment of these parameters, free of the prior assumption that each sample location constitutes a population. Thus, the results complement those of the genetic tree, population structuring, and population assignment tests described above. The program was used to estimate Pr(X K), the probability of the observed set of genotypes (X), conditional on a given K between 1 and 6. The program was run using an initial burn-in of 100,000 iterations followed by 1,000,000 iterations, an admixture model of individual ancestry, and correlated allele frequencies among populations. Five runs were performed for each value of K to verify that estimates of Pr(X K) were consistent between runs. The posterior probabilities of K, Pr(K X), were calculated according to Pritchard et al. (2000) . To identify immigrants in the boll weevil populations, we performed analyses for v ϭ 0.05 and v ϭ 0.1 with a setting of G ϭ 2, where v is the probability that an individual is an immigrant to the population or has an immigrant ancestor in recent generations (G) (Pritchard et al. 2000) .
Results
Genetic Variability and Genetic Differentiation
A total of 53 alleles were sampled across the 10 boll weevil microsatellite loci for 262 diploid individuals. Allelic diversity (MNA, mean no. of alleles per locus), expected heterozygosity (H E ) at Hardy-Weinberg equilibrium, observed heterozygosity (H O ), inbreeding coefÞcient (F IS ), and the probability (P) of being in Hardy-Weinberg equilibrium.
a For F IS within samples based on 5,000 randomizations using the FSTAT program. Probability of being different than zero after corrections for multiple comparisons (NS, not signiÞcant).
b Probability values using FisherÕs method implemented by the GENEPOP program. Number in parentheses indicates the no. of loci showing a signiÞcant departure (P Ͻ 0.05) from Hardy-Weinberg equilibrium.
Five of these were unique to the population from Tampico, but they were at very low frequency (average frequency of private alleles ϭ 0.0196). Both allelic diversity and heterozygosity were highest in the population from Tampico and lowest in the population from Ojinaga. F IS estimates across all populations ranged from Ϫ0.030 to 0.049, and both within-population and overall F IS showed no signiÞcant deviation from zero (Table 1) . No signiÞcant departure (P Ͻ 0.05) from HWE was detected for any population across the 10 loci. In only 1 of 50 instances (AG-D1 in Weslaco, P Ͻ 0.05), across all Þve populations and all 10 loci, was there a signiÞcant deviation from HWE after the Bonferroni correction. Only 1 of 225 locus pairs in each of the Þve populations (AG-D4 and AG-D6 in Tlahualilo) showed signiÞcant linkage disequilibrium after Bonferroni correction (adjusted signiÞcance [5%] threshold ϭ 0.000222).
A high level of genetic structuring was detected across all populations, with a global F ST of 0.287. Pairwise estimates of F ST and R ST in each population pair are similar and all are signiÞcant, indicating a high degree of genetic differentiation among populations ( Table 2 ). The highest degree of genetic differentiation was detected between the Tampico population and all others (mean pairwise F ST ϭ 0.335; R ST ϭ 0.268) and between the Ojinaga population and all others (mean pairwise F ST ϭ 0.322; R ST ϭ 0.281). The lowest pairwise estimates of genetic differentiation were observed between the Rosales and Tlahualilo populations (pairwise F ST ϭ 0.155; R ST ϭ 0.140). The Bayesian estimation of the number of distinct populations revealed that the posterior probability of K was the highest for K ϭ 5 (estimated Ln Pr (X/K ϭ 5) ϭ Ϫ4,321, P Ͼ 0.999), indicating that the boll weevils sampled in this study are most likely from Þve discrete populations (Pritchard et al. 2000) .
Population Bottlenecks
All four approaches to detecting bottlenecks agree that the Ojinaga population suffered a severe population decline (Table 3 ). In contrast, there is no evidence that the Tampico and Weslaco populations underwent a bottleneck, a Þnding consistent with large stable populations. However, the occurrence of a recent bottleneck event in the Rosales and Tlahualilo populations is supported by some, but not all, of the detection approaches. In the Rosales population, Wilcoxon sign-rank tests indicated a signiÞcant excess of heterozygosity relative to drift-mutation equilibrium under both the SMM and GSM, whereas the mode shift test and Kruskal-Wallis test of allelic diversity showed no evidence of a bottleneck. For the Tlahualilo population, the test for heterozygosity excess under the SMM was not signiÞcant, but there was a signiÞcant excess under the GSM. In addition, the Tlahualilo population showed a mode shift away from the expected normal L-shaped distribution for a large, stable, nonbottlenecked population. However, its allelic diversity distribution did not differ signiÞcantly from that of the stable Tampico population, according to the Kruskal-Wallis test (Table 3) .
M values (Garza and Williamson 2001) ranged from 0.661 to 0.877 (Table 3) , providing evidence for bottleneck events in the Ojinaga, Rosales, and Tlahualilo populations. M values of these three populations are below those expected from historically stable populations (0.82) and also are below the equilibrium value of M (0.814) at the recommended parameterizations of 90% for p s (percent one-step mutations) and of 3.5 for ⌬ g (mean size of non one-step mutations) (Garza and Williamson 2001) . (Weir and Cockerham 1984) are above the diagonal, and R ST estimates (Slatkin 1995) are below the diagonal. Probability of being different than zero after corrections for multiple comparisons ( a P Ͻ 0.01). a One-tail probability for observed heterozygosity excess relative to the expected equilibrium heterozygosity (Heq), which is computed from the observed no. of alleles under drift-mutation equilibrium. SMM, stepwise mutation model; GSM, generalized stepwise mutation model.
b The test was conducted assuming a generalized stepwise mutation model (GSM) with a variance of 0.36 in geometric distribution of mutation lengths (Estoup et al. 2001) .
c Kruskal-Wallis test (␣ ϭ 0.05) of differences in allelic diversity between a given population and the Tampico reference population. NS, not signiÞcant. (KW statistic ϭ 23.53; P Ͻ 0.0001).
d M value and its variance (in parentheses) of Garza and Williamson (2001) . M ϭ the mean ratio of the no. of alleles to the range of allele size.
Gene Flow Among Populations
Genetic structure-based gene ßow estimates are quite low for most population pairs (N e m from F ST ϭ 0.36 Ð1.36 and N e m from R ST ϭ 0.49 Ð1.54; Table 2 ). For both F ST and R ST , the highest N e m was estimated between the Rosales and Tlahualilo populations and the lowest N e m between the Tlahualilo and Ojinaga populations. F ST -and R ST -based estimates of N e m indicate 1.4 Ð1.5 migrants are exchanged between the Rosales and Tlahualilo populations per generation. Maximum likelihood estimates of coalescent-based N e m ranged between 0.14 for Tampico to Ojinaga and 1.38 for Tampico to Weslaco (Table 4) . N e m estimated for Rosales to Tlahualilo was 0.39, whereas N e m in the opposite direction was 1.03.
Population Assignment/Exclusion
The number of immigrant individuals estimated for the current generation is summarized in Table 5 . When the ratio L home /L max was used as the test statistic at the most conservative threshold (␣ ϭ 0.01), the results indicate that the Rosales, Ojinaga, Tlahualilo, and Weslaco locations received one individual each from the Tlahualilo, Rosales, Rosales, and Tampico populations, respectively. When L home alone was considered as the test statistic, the results were the same except that Tlahualilo was designated as a recipient of an immigrant from Rosales, only at the less conservative threshold of ␣ ϭ 0.05 (Table 5 ; Fig. 2) .
The Bayesian estimation of inferred genetic ancestry of sample individuals (structure 2.0; Pritchard et al. 2000 , Falush et al. 2003 revealed that when v was set to 0.05, Rosales and Weslaco each harbored an immigrant (or an individual with a recent immigrant ancestor) from Tlahualilo and Tampico, respectively. When v was set to 0.1, the results were the same except that Rosales contained an additional immigrant from Tlahualilo. Although more conservative, these results are consistent with those derived using the L home /L max and L home statitistics (Table 5 ; Fig. 2 ; Paetkau et al. 2004 ).
The percentage of boll weevil individuals assigned to and excluded from each reference population based on the Bayesian approach (Rannala and Mountain 1997) and the mean log-likelihood assignment of individuals from each geographic population to possible source populations are shown in Table 6 . Individuals from the Ojinaga, Tampico, and Weslaco populations could be assigned to their own population with Ͼ98% certainty. Individuals from Rosales and Tlahualilo were assigned to their own population with 92% certainty, sharing most unassigned individuals with each other. In the exclusion test, Ojinaga and Tampico could be excluded as putative populations of origin for the Tlahualilo population with 100% certainty at a threshold of 0.01, but Rosales and Weslaco 
Using assignment criterion of Rannala and Mountain (1997) and the Monte Carlo resampling method of Paetkau et al. (2004) . a L ϭ likelihood of migrant detection ).
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were excluded as potential sources of origin in Ͻ50% of the cases. Other populations were always excluded as sources of Tampico and Weslaco weevils, but exclusion from one another as source populations was possible for only Ϸ40 Ð50% of the weevils. Estimates of mean individual assignment likelihood indicated that the highest assignment likelihood of individuals of the Tlahualilo population, apart from itself, came from Rosales (mean assignment log-likelihood ϭ Ϫ6.47; Table 6 ). Likewise, the highest assignment likelihood of Rosales individuals was from Tlahualilo (Ϫ6.88). An individual tree based on the proportion of shared alleles revealed that the 262 weevils sampled from Mexico and southern Texas form Þve distinct clusters (Fig. 3) , largely corresponding to the Þve sample locations. Although Fig. 3 and Table 6 are based on the same dataset, they have been used for different ends. The purpose of the tree (Fig. 3) is to (Table 5 ). a Assignment test was carried out using the direct approach without probability computation, and the exclusion test was carried out using a simulation method (Cornuet et al. 1999) . Both tests used the Bayesian statistical approach of Rannala and Mountain (1997) . The simulation method of Paetkau et al. (2004) was used in the exclusion test.
b The no. of individuals assigned to the most likely population is in parentheses. See Table 1 for sample sizes. c The no. of individuals excluded from the reference population at ␣ ϭ 0.01 is in parentheses. d Mean assignment Ϫlog likelihood (L) value of individuals from a given sample population. Bold indicates the value most similar to that of the sample population itself, and therefore represents the population from which it most likely originated under the assumptions of the test. reveal a qualitative clustering of individuals according to genetic similarity. It allows intuitive visualization of genetic relationships among individuals and shows to what extent individuals are clustered into their own sampling locations. Where there is substantial differentiation among subpopulations, individuals sampled from a single location are expected to form a single cluster. This method of clustering cannot indicate an individualÕs belonging to a set of reference populations (Pritchard et al. 2000) , because stochastic variation among allele frequency distributions is not taken into account. Thus, the tree does not indicate real-time migrant exchange. However, it is useful because individuals from these locations harbor the genetic signature of common ancestors, revealing historical patterns of gene ßow. Most of the individuals sampled from the Þve locations comprised their own clusters, although individuals from Rosales showed a somewhat fragmented pattern of clustering with Tlahualilo and Ojinaga individuals. As reported above, the Bayesian analysis (structure 2.0, Pritchard et al. 2000 , Falush et al. 2003 conÞrmed that the Þve locations sampled in this study represent Þve distinct populations.
Discussion
The primary objectives of this study were to determine whether boll weevils recently captured unexpectedly near Tlahualilo, Mexico, were from an endemic low-level population or immigrants, and if immigrants, to identify the most likely source population. We addressed these questions by examining the genetic relatedness and structuring of Tlahualilo and potential source populations using microsatellite markers and by applying population assignment techniques to identify migrants and their origins. 
Genetic and Demographic Structure of Boll Weevils in Northcentral Mexico
The genetic variability of the three populations sampled from northcentral Mexico (mean H E ϭ 0.360) is lower than that of populations from Weslaco, TX, and Tampico (mean H E ϭ 0.573). However, this level is somewhat higher than that observed in most locations in the central Cotton Belt of the United States (mean H E ϭ 0.174, excluding Weslaco; Kim and Sappington 2006) . Southern Texas and eastern Mexico, represented by the Weslaco and Tampico samples, are chronically weevil-infested, although an eradication program was initiated recently in the former. Among the sampled locations in this study, the Tampico population is closest geographically to the presumed ancestral origin of this species (Burke et al. 1986 ), and thus is most likely to reßect the genetic makeup of the ancestral population. This assumption is supported by a high level of genetic diversity and the lack of evidence for population bottlenecks. In contrast, we found strong evidence of recent genetic bottlenecks for the Ojinaga population, and signatures of bottlenecks also were observed for the Rosales and Tlahualilo populations. This Þnding indicates that the populations from northcentral Mexico are relatively small and are subject to severe ßuctuations in population size.
Although the Ojinaga boll weevil population clearly underwent a recent bottleneck, support for bottleneck events in the Rosales and Tlahualilo populations depended on the tests applied (Table 3) . Migration among locations can increase the number of rare alleles while having little effect on heterozygosity, thus masking any heterozygosity excess caused by a bottleneck (Cornuet and Luikart 1996) . Other potential confounding factors include the use of too few loci to detect bottlenecks with adequate power or the ephemeral nature of heterozygosity excess in postbottleneck populations that can be expected to last only a few generations . In the latter case, M of Garza and Williamson (2001) might be a more efÞcient indicator of bottlenecks, because the recovery time of M after a reduction in size may be longer than that of other measures. In their meta-analysis across a wide range of species, values of M for historically stable populations were all between 0.823 and 0.926, whereas they ranged from 0.599 to 0.693 for populations known to have undergone a substantial reduction in size (Garza and Williamson 2001) . In this study, the values of M observed in the Weslaco and Tampico populations fall in the range of stable populations, whereas those for populations in northcentral Mexico are in the range indicative of a population contraction.
There is a high degree of population differentiation evident across and between populations (global F ST ϭ 0.287), which is similar to that observed in three major regions of the central U.S. Cotton Belt (global F ST ϭ 0.241; Kim and Sappington 2006) . Thus, boll weevils are genetically subdivided at regional scales. However, gene ßow estimates from both nuclear Sappington 2004b, 2006) , and mitochondrial (Kim and Sappington 2004a ) markers indicate that migration between locations separated by Ͻ300 km is frequent. Thus, we reasoned that gene ßow estimates from the samples in this study would give us insight into the origins of individual weevils captured in Tlahualilo.
Gene Flow Among Populations and Origins of the Tlahualilo Boll Weevils
The purpose of population assignment methods is to use genotypes at multiple loci to make probabilistic classiÞcations of reference populations as likely or unlikely sources of individuals (Piry et al. 2004 ). An individual is assigned to the potential source population in which the assignment likelihood of its genotype is the highest. Different assignment criteria are available for liklihood estimation (Rannala and Mountain 1997 , Cornuet et al. 1999 , Piry et al. 2004 ), but the use of Bayesian criteria has proven superior to the others (see Cornuet et al. 1999 , Koskinen 2003 . In this paper, we used Bayesian assignment criteria and a new Monte Carlo resampling method ) that has more power to detect immigrants because it takes into account linkage disequilibrium generated by recent immigration and better simulates the sampling variance of the data set than other methods (Piry et al. 2004 ). This approach should provide the most accurate estimates of individual assignment possible with currently available methodology.
The Tlahualilo, Rosales, and Ojinaga cotton growing areas are located in the northern part of Mexico, on the Mexican High Plains, which is bordered on the east by the Sierra Madre Oriental and on the west by Sierra Madre Occidental mountain ranges. This high plain corresponds to the Chihuahuan Desert, with an average annual rainfall of only 200 mm in the Tlahualilo cotton growing area and 290 Ð300 mm in the Rosales and Ojinaga regions. Winds average 36, 18, and 30 km/h throughout the year in Tlahualilo, Rosales, and Ojinaga, respectively. In contrast, Tampico and Weslaco are characterized by a subtropical climate, with annual precipitation of 1,100 and 630 mm, respectively, with winds averaging 18 Ð19 km/h. Tlahualilo experienced 50% more rainfall than normal in 2004, which may have contributed to a buildup of a local boll weevil population. It is also possible that the boll weevils captured there in 2004 originated elsewhere. Boll weevil dispersal can occur over long distances (Spurgeon et al. 1997 , Kim and Sappington 2004a , b, 2005 , and the direction of displacement is affected strongly by wind Spurgeon 2000, Westbrook et al. 2000) . In Tlahualilo, the winds in spring and summer are predominantly out of the southeast, and in fall and winter, they are out of the northeast. In Rosales and Ojinaga, the predominant wind direction throughout the year is out of the southeast. Winds in Tampico and Weslaco are out of the southeast most of the year, but out of the north or northwest in the winter. Thus, wind direction gener-ally favors movement of boll weevils from southeast to northwest, although north to south movement could be favored occassionally. Spurgeon et al. (1997) captured boll weevils in pheromone traps in General Teran, Nuevo Leon, a nonÐ cotton-producing area Ϸ240 km northwest of the Tampico cotton growing region, the nearest likely source of this insect. Although the individual genetic relationship tree suggests that movement of weevils from the Weslaco population into the Chihuahua High Plains (Fig. 3) has likely occurred in the past, such events are evidently rare (Tables 5 and 6 ). Thus, the distances involved (Ͼ600 km) and the intervening Sierra Madre Oriental mountain range seem to serve as effective barriers to gene ßow. Furthermore, we found no evidence for boll weevil movement from the Chihuahua High Plains to Tampico or Weslaco. In addition to distance and the mountain range, unfavorable prevailing winds are an added barrier to movement in that direction.
Our data provide evidence that at least some of the boll weevils captured in Tlahualilo in 2004 were immigrants. All populations were in HW equilibrium, and linkage disequilibrium was negligible for most pairs of loci in all populations. Thus, our samples meet the underlying statistical assumptions for the individual assignment tests applied in this study. The estimates of mean log-likelihood assignment of individuals from each geographic population relative to possible source populations provides qualitative information for identifying the source population, under the assumptions that a population is newly introduced from another location and that the population of origin was sampled. Thus, if both of these latter assumptions are met, the Tlahualilo population most likely was introduced from the Rosales population, with a high mean likelihood value [Ϫlog (L) ϭ 6.47] similar to its own [Ϫlog (L) ϭ 4.29]. Although the possibility that most Tlahualilo weevils are immigrants from Rosales cannot be excluded with 99% statistical conÞdence, 26% can be excluded with high conÞ-dence, and only 7.6% of Tlahualilo weevils can be considered likely immigrants from Rosales (Table 6) . A Rosales origin of a few of the boll weevils captured in Tlahualilo also is supported by population structureÐ based gene ßow estimates (Table 2) , by detection of Þrst generation migrants using the L home /L max ratio as the test statistic (Table 5) , and by the interindividual relationship tree (Fig. 3) .
However, our results suggest that the bulk of the boll weevils captured in Tlahualilo do not represent an introduced population, but rather one that has been resident at relatively low numbers and that increased in size in 2004, presumably in response to the favorable rainfall conditions experienced that year. It is quite possible that all source populations were not sampled. Therefore, when L home alone was used as the test statistic for detecting Þrst generation migrants, a parameter more appropriate when some source populations are missing , there was no evidence that Tlahualilo received any immigrants from other locations at a threshold of ␣ ϭ 0.01 and only one immigrant at ␣ ϭ 0.05 (Table 5) . Indeed, Tlahualilo was the probable source of a migrant weevil received by the Rosales location, a positive indication that Tlahualilo harbors an endemic population. Because we do not know whether all source populations were sampled, we also examined the L home /L max ratio test statistic. Although the latter has more power to detect migrants, the results from both statistics are in good agreement that few of the boll weevils sampled in Tlahualilo originated elsewhere (Table 5) . Directional estimates of gene ßow using Migrate (Table 4 ) also indicate that the Tlahualilo weevils were not likely to have originated as immigrants from the other locations examined. Further support for an endemic population is provided by the relationship tree (Fig. 3) , which reveals a cluster of Tlahualilo weevils distinct from clusters corresponding to other locations, the evidence from the structure 2.0 analysis that the weevils from the Þve locations sampled in this study came from Þve distinct populations, and by the results of the genetic ancestry analysis using the program structure 2.0, indicating that no individual sampled from Tlahualilo was an immigrant.
Taken together, our analyses suggest that the boll weevils captured unexpectedly near Tlahualilo in 2004 were primarily from an endemic low-level population, but that this area also is receiving immigrants from a cotton growing region Ϸ200 km to the north, near Rosales, Chihuahua. Thus, management efforts should focus in the near term on eliminating the local breeding population in Tlahualilo, but maintenance of weevil-free status in the future will depend on eradication of boll weevil populations in the Rosales area as well. Conversely, our data indicate that the area around Rosales, which is under a current eradication program, is receiving immigrants from Tlahualilo. Thus, attainment and maintenance of weevil-free status in the South Central eradication zone will be enhanced by elimination of boll weevils from the Tlahualilo region in northern Durango. However, the movement of migrants into both of these areas from unsampled regions cannot be ruled out, so more thorough sampling from adjacent locations and further genetic studies would be beneÞcial. Kim and Sappington (2005) used microsatellite data to show that the inability to Þnally eradicate the boll weevil from the Lower Coastal Bend area of Texas around Kingsville (Allen et al. 2005 ) is due in large part to migration of boll weevils from the still-infested Lower Rio Grande Valley across a Ϸ100-km area where no cotton is grown. As conÞrmed in this study, Kim and Sappington (2005) also found strong genetic evidence for migration of boll weevils from the Tampico area to the Lower Rio Grande Valley, represented by the Weslaco sample, emphasizing that Þnal eradication of the boll weevil in the latter area may be slowed by a regular inßux of weevils from at least as far away as 400 km to the south.
Wider Implications for Boll Weevil Eradication and Insect Dispersal Studies
After a zone has been declared eradicated of boll weevils, it enters a maintenance program in which pheromone traps are deployed to detect any reintroductions. Such reintroductions are rare, but occur in a few locations every year (Grefenstette 1996 , Curtis 2001 , Grefenstette and El-Lissy 2003 , requiring immediate response by action agencies. The nature and magnitude of the response depends in part on where the captured boll weevils are thought to have originated, based on circumstantial evidence. For example, if the weevils are captured along a major highway, it is often concluded that they must have arrived on contaminated farm equipment, and quarantine or increased inspection of transported equipment might be called for. Weevils captured downwind of an infested zone usually are assumed to be migrants from that area (Allen et al. 2005, Kiser and Catanach 2005) , but origins are not always unambiguous or obvious. Our study shows the practical use of microsatellite-based population assignment techniques in an insect eradication context. Such an approach will be of value in determining the most likely origins of boll weevils reintroduced to eradication zones in the United States and Mexico, providing regulators and eradication personnel with better information on which to base mitigation decisions.
A similar analytical approach, using microsatellite markers developed in our laboratory (Kim and Sappington 2005) , showed that the invasion of Europe by the western corn rootworm, Diabrotica virgifera virgifera LeConte, is characterized by ongoing new introductions from North America (Miller et al. 2005) , complicating efforts to contain its spread. However, armed with this information, regulatory agencies can take appropriate measures to stem the ßow, perhaps in time to prevent the introduction of the particularly troublesome crop rotationÐresistant variant, which recently evolved in Illinois and is spreading in the central Corn Belt of the United States (Levine et al. 2002) . Invasive species like the western corn rootworm are an increasing threat to agriculture and ecosystems worldwide (Mack et al. 2000 , Simberloff 2004 , and efforts to prevent, eradicate, or slow their spread could beneÞt from knowing the origin of introductions outside the established range (Carey 1996 , Davies et al. 1999b , Bonizzoni et al. 2001 . Population assignment analyses based on microsatellites have been used to determine the origin of Mediterranean fruit ßy populations in California. In a situation similar to that of the unexpected boll weevil population in Tlahualilo, Bonizzoni et al. (2001) concluded that a low-level endemic population of Mediterranean fruit ßy originating from Guatamala existed in the Los Angeles basin for at least 5 yr, in addition to ongoing independent introductions.
Dispersal is a fundamental parameter affecting the population dynamics of most insects, including pests, and an adequate understanding of dispersal behavior and patterns is critical to developing effective pest management and insect resistance management strategies. However, studying dispersal using conventional methods such as mark-release-recapture is intrinsically difÞcult and spatially limited, especially beyond the local scale (Slatkin 1985) . Using molecular markers to estimate gene ßow has proven a powerful alternative, and population assignment techniques in particular hold the promise of replacing direct strategies such as mark-recapture for measuring contemporary migration (Cornuet et al. 1999 , Wilson and Rannala 2003 , Berry et al. 2004 . Although microsatellites are the most commonly used markers in such studies, it is also possible to use allozymes (Bontemps et al. 2004 , Corujo et al. 2004 , ampliÞed fragment length polymorphisms (AFLPs) (Campbell et al. 2003, Mank and Avise 2004) , RAPDs (Mank and Avise 2004) , and single nucleotide polymorphisms (SNPs) (Seddon et al. 2005) . The application of population assignment techniques in ecological studies is a "surprisingly useful" (Waser and Strobeck 1998) strategy that has been underused by entomologists.
